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ABSTRACT: The behaviour of piles in liquefied soils is discussed based on results of recent studies in Japan including (a) field performance and damage features of piles observed in the 1995 Kobe earthquake, (b) experimental findings from benchmark tests on full-size piles, and (c) simplified design methodology for piles undergoing lateral spreading. Particular attention is given to the effects of large lateral displacements of liquefied soils on the pile response and their modelling in a simplified analysis of piles.
1	INTRODUCTION
Soil liquefaction during strong earthquakes results in almost a complete loss of strength and stiffness of the liquefied soil, and consequent large lateral ground displacements. Particularly large and damaging for piles are post-liquefaction ground displacements associated with lateral spreading. In the 1995 Kobe earthquake, for example, massive liquefaction of reclaimed fills caused damage to numerous pile foundations of buildings, storage tanks and bridge piers. Detailed investigations and research studies have shown that the excessive lateral movement of liquefied soils was a key factor in the damage to piles.
The analysis of piles in liquefied soils is burdened by unknowns and uncertainties associated with liquefaction and lateral spreading in particular. Thus, it is very difficult to estimate the strength and stiffness properties of liquefied soils or predict the magnitude and spatial distribution of lateral spreading displacements. For these reasons, it is essential in the simplified analysis of piles subjected to lateral spreading to estimate the inelastic response and damage to the pile while addressing these uncertainties. This paper discusses features of liquefaction-induced ground displacements and their effects on the pile response, and introduces a simplified method for analysis of piles subjected to lateral spreading.
2	observations from the 1995 kobe earthquake
2.1	Liquefaction-induced ground displacements
When analyzing the behaviour of piles in liquefied soils, it is useful to distinguish between two different phases in the soil-pile interaction: a cyclic phase in the course of the intense ground shaking and consequent development of liquefaction, and a lateral spreading phase following the liquefaction. During the cyclic phase, the piles are subjected to cyclic ground displacements (kinematic loads) and horizontal loads from the superstructure (inertial loads) and the combination of these oscillatory kinematic and inertial loads determines the critical load for the integrity of the pile during the shaking. Lateral spreading, on the other hand, is primarily a post-liquefaction phenomenon that is characterized by very large unilateral ground displacements and relatively small inertial effects. Thus, there are clear differences in the liquefaction characteristics and lateral loads that are relevant to the analysis of piles during the cyclic phase and lateral spreading phase.
2.1.1	Cyclic ground displacements




Figure 1.   Computed ground response of liquefied deposits in the 1995 Kobe earthquake: (a) Cyclic ground displacement; (b) Excess pore water pressure

port district of Kobe city. The extensive liquefaction of 10-20 m thick fill deposits resulted in massive sand boils and settlement of the ground of about 30-40 cm. The ground motion induced by the quake was recorded by an array of accelerometers at Port Island including two sets of records in the liquefied soil, at the ground surface and at 16 m depth respectively, thus providing invaluable information on the characteristics of the ground motion in the liquefied fills. Using these records as a basis for calibration and comparison, a series of advanced effective stress analyses were conducted (Cubrinovski et al., 2000) to investigate in detail the development of excess pore pressures and eventual liquefaction at the array site. Figures 1a and 1b show the computed horizontal ground displacements and excess pore water pressures in the fill deposit during the first 15 seconds of intense shaking. Note that the computed displacements shown in Figure 1a are nearly equal to those back-calculated through a double integration of the recorded accelerations.
Several features of the ground response shown in Figure 1 are relevant to the behaviour and analysis of piles in liquefied soils. In the course of the strong shaking, the horizontal ground displacements are very large reaching peak displacements in the liquefied layer of about 35-40 cm. It is important to note that at the time when the ground displacement reached 30 cm for the first time since the start of the shaking, i.e. at approximately 5.3 sec, the excess pore water pressure was well below the effective overburden stress thus indicating that the soil was not fully liquefied at that stage. This response was accompanied with high ground accelerations of about 0.4g. This type of behaviour where large ground displacements and high accelerations concurrently occur just before or at the time of development of full liquefaction is often observed in shake table experiments thus highlighting the need to carefully consider the combination of inertial loads from the superstructure and kinematic loads due to ground displacements when analyzing the behaviour of piles during the cyclic phase. The magnitude of these loads depends on a number of factors including the excess pore water pressure, relative displacements between the soil and the foundation, and relative predominant periods of the ground and superstructure

Figure 2.   Permanent lateral ground displacements due to spreading of liquefied soils in the 1995 Kobe earthquake

among others (e.g. Tamura and Tokimatsu, 2005).
2.1.2	Lateral spreading displacements
In the Kobe earthquake, the ground distortion was particularly excessive in the waterfront area where many quay walls moved several meters towards the sea and lateral spreading occurred in the backfills that progressed inland as far as 200 m from the revetment line. Ishihara et al. (1997) investigated the features of movements of the quay walls and ground distortion in the backfills by the method of ground surveying. They summarized the measured displacements in plots depicting the permanent ground displacement as a function of the distance inland from the waterfront, as shown in Figure 2 where the shaded area shows the range of measured displacements along N-S sections of Port Island and the solid line is an approximation for the average displacement. Superimposed in Figure 2 are the cyclic ground displacements in the free field showing that in the zone within a distance of approximately 50 m from the quay walls the permanent ground displacements due to lateral spreading were significantly greater than the cyclic ground displacements. The permanent ground displacements reached about 1- 4 m at the quay walls.
2.2	Typical damage to pile foundations
A large number of buildings, storage tanks and bridge piers on pile foundations were located within the lateral spreading zone, as indicated in Figure 2, thus subjecting the piles of these structures to very large kinematic loads caused by the lateral ground movement. Many of these piles were damaged or collapsed during the quake and the excessive lateral ground movement was identified as a key factor in the damage to the piles. In order to inspect the damage to piles, detailed investigations were conducted on selected piles by means of several field inspection techniques. For example, development of cracks were investigated by lowering a borehole video camera down the length of the embedded piles while a survey of pile deformation was carried out by using an inclinometer. In some cases, the top part of the pile foundation was exposed by excavating the surface soils and visual inspection of the damage to the pile head was carried out. Characteristic damage features of piles located within the lateral spreading zone are briefly described below on the example of the foundation of Pier 211 of the Hanshin Bay Route No. 5 (Ishihara and Cubrinovski, 1998). Side views of Pier 211 and a plan view of its foundation are shown in Figure 3 (HHA, 1996). The pier was supported on 22 cast-in-place reinforced concrete piles, 1.5 m in diameter and 41.5 m long. The damage to the piles summarized from borehole camera recordings of two inspected piles is shown in Figure 3b where cracks are seen at the pile head and predominantly at depths corresponding to the interface between the liquefied layer and the underlying non-liquefied layer. The damage pattern shown in Fig. 3b was typical for many of the inspected piles in the waterfront area and can be summarized as follows.
1.	Piles in the zone of large lateral spreading displacements were consistently damaged at depths corresponding to the interface between the liquefied layer and the underlying non-liquefied layer. Since this damage was at large depths where inertial effects from the superstructure are known to be less significant, this damage can be attributed to the lateral loads arising from the excessive ground movement due to spreading.
2.	Damage at the pile head was encountered both for piles in the free field and piles located within the lateral spreading zone indicating that both inertial loads from the superstructure and kinematic loads caused by the lateral ground movement contributed to the damage at the pile head.
In addition to the typical damage pattern described above, other but less significant damage was consistently found in most of the inspected piles reflecting the complex nature of loads and behaviour of piles in liquefied soils.
3	analysis of piles subjected to lateral spreading
There are several methods available for analysis of piles in liquefied soils including sophisticated finite element analysis based on the effective stress principle and simplified methods based on the quasi-static approach. A rigorous effective stress analysis allows us to evaluate the seismic soil-pile interaction while considering the effects of excess pore pressure and eventual liquefaction, and hence, it provides a rigorous estimate of the inertial and kinematic loads on the pile. Whereas the predictive capacity of the effective stress analysis has been verified in many studies, its application in the

                   
Figure 3.   Uozakihama Bridge Pier 211: (a) Side view of the pier and plan view of the foundation; (b) Observed damage to piles (Hanshin Highway Authority, 1996)

Figure 4. Simplified kinematic mechanism of lateral spreading

engineering practice is constrained by two requirements. Namely, in order to quantify the effects of liquefaction on the ground/structure response and fully utilize the merits of the effective stress analysis, it is essential that high-quality data on the in-situ conditions, physical properties and mechanical behaviour of soils are available, as required by the adopted analysis procedure and constitutive model. In addition, this analysis imposes high demands on the user and requires good knowledge and understanding both of the phenomena considered and particular features of the numerical procedure. Provided that the above requirements are met, however, the effective stress analysis could provide invaluable and unique information on the behaviour of piles in liquefiable soils and basis for assessment of the seismic performance of the structural system.
In the design considerations and for preliminary assessment of piles, however, a simplified analysis would be more appropriate. As discussed in the previous section, the behaviour of piles in liquefied soils and the phenomenon of lateral spreading are associated with many unknowns and uncertainties. Namely, it is very difficult to predict the magnitude and spatial distribution of post-liquefaction ground displacements, and also there are uncertainties regarding the stiffness and strength of liquefied soils undergoing spreading. Thus, the simplified analysis should allow us to address these uncertainties in a rational way while capturing the essential features of pile behaviour. Based on these premises, a simplified method for analysis of piles subjected to lateral spreading was developed in a previous study (Cubrinovski and Ishihara, 2004), as summarized below.
3.1	Simplified method of analysis
The most frequently encountered soil profile for piles in liquefied deposits consists of three distinct layers, as illustrated in Figure 4 where the liquefied layer is sandwiched between a non-liquefied crust layer at the ground surface and non-liquefied base layer. As demonstrated in the previous section, liquefaction during strong ground shaking results in almost a complete loss of strength and stiffness of the liquefied soil, and consequent large lateral ground displacements. During spreading, the non-liquefied surface layer is carried along with the underlying spreading soil, and when driven against embedded piles, the crust layer is envisioned to exert large lateral loads on the piles. Thus, stiffness reduction in the liquefied layer, excessive lateral movement of the ground and lateral loads from the surface layer are key features that need to be considered when evaluating the pile response to lateral spreading.
In light of the liquefaction characteristics and kinematic mechanism as above, a three-layer soil model was adopted for a simplified analysis of piles based on the pseudo-static approach. As indicated in 

Figure 5. Characterization of nonlinear behaviour and input parameters in the simplified analysis

Figure 4, in this model the pile is represented by a continuous beam while the interaction between the liquefied soil and the pile (p- relationship) is specified by an equivalent linear spring (2k2). Here, k2 is the subgrade reaction coefficient while 2 is a scaling factor representing the degradation of stiffness due to liquefaction and nonlinear behaviour. In the analyis, the spreading is represented by a horizontal free-field displacement of the liquefied soil while effects of the surface layer are modelled by an earth pressure and lateral force at the pile head, as illustrated in Figure 4.
Input parameters of the model and adopted load-deformation relationships for the soil and the pile are shown in Figure 5. The equivalent linear p- relationship for the liquefied layer was adopted in order to simplify the modelling of the highly nonlinear behaviour of liquefied soils undergoing spreading and to allow us parametric evaluation of this behaviour. In the analysis of a given pile, it is envisioned that 2 will serve as a parameter that will be varied over a relevant range of values thus permitting to evaluate the pile response by assuming different properties of the liquefied soil. On the other hand, bilinear p- relationships and tri-linear moment-curvature relationship (M- were adopted for modelling the nonlinear behaviour of the non-liquefied soil layers and the pile respectively. Note that p1-max defines the ultimate lateral pressure that can be applied from the crust layer on the pile. Using an iterative procedure based on the equivalent linear approach, a closed-form solution was developed for evaluating the pile response to lateral spreading. The analysis permits to estimate the inelastic response and damage to piles, yet it is based on a simple model that requires a small number of conventional engineering parameters as input (Fig. 5).
3.2	Key parameters and uncertainties involved
Key parameters influencing the pile response and hence requiring special attention are the magnitude of ground displacement UG2, stiffness degradation 2 for the liquefied layer and ultimate pressure from the crust layer p1-max. These parameters are associated with intrinsic uncertainties, however, and therefore one encounters difficulties in selecting their most appropriate values. For these reasons, great efforts have been made over the past decade either to back-calculate these parameters from well-documented case histories or to evaluate them using experiments on soil-pile models.
It is important to recognize that in most cases it would be very difficult to make a reliable prediction for the spreading displacements. This difficulty is well illustrated in Figure 2 where large scatter in the permanent ground displacements is seen even for a single earthquake event and generally similar ground conditions. Having this in mind, the lateral displacement of the spreading soil (UG2) can be

Figure 6. Stiffness degradation of liquefied soil undergoing spreading observed in large-scale shake table test

initially estimated using empirical correlations for permanent ground displacements of lateral spreads and then parametrically varied over the expected range of lateral displacements.
The factor 2, which specifies the reduction of stiffness due to liquefaction and nonlinear behaviour, is affected by a number of factors including the density of sand, excess pore pressures, magnitude and rate of ground displacements and drainage conditions. Typically, 2 takes values in the range between 1/50 and 1/10 for cyclic liquefaction and between 1/1000 and 1/50 in the case of lateral spreading. The values of 2 back-calculated from full-size tests on piles (Cubrinovski et al., 2005a) are shown in Figure 6 as a function of lateral ground displacement, illustrating that 2 is not a constant, but rather it varies in the course of lateral spreading.
The ultimate soil pressure from the surface layer per unit width of the pile can be estimated using a simplified expression such as, p1-max = u pp, where pp (z1) is the Rankine passive pressure while u is a scaling factor to account for the difference in the lateral pressure between a single pile and an equivalent wall. In the aforementioned large-scale shake table test on piles, a large value of u = 4.5 was measured indicating that the maximum lateral pressure from the crust layer on the pile can be quite significant. Similar data from experimental studies on piles is summarized in Figure 7 including results of conventional lateral loading tests on piles (active pile loading) and two cases of lateral loading due to ground movement (passive pile loading). It is important to recognize that in the case of active pile loading, the horizontal force at the pile is the causative load for the pile deformation (Fig. 8a) while the mobilized earth pressure provides a resisting force. In the case of passive-pile-loading (Fig. 8b), on the other hand, the mobilized pressure from the crust layer provides the driving force for


Figure 7. Ratio of ultimate pressure from the crust layer on a single pile and Rankine passive pressure obtained  in experimental studies

Figure 8. Schematic illustration of lateral loading of piles: (a) Active-pile-loading; (b) Passive-pile-loading

the pile deformation. This feature needs to be considered when estimating the value of u or the ultimate lateral pressure from the crust layer in the analysis of piles.
A method for applying the simplified analysis described herein to the analysis of pile groups can be found in Cubrinovski and Ishihara (2005b).
4	Concluding remarks
The behaviour of piles in liquefied soils is characterized by large kinematic loads caused by the excessive lateral movement of liquefied soils. Particularly large and damaging for piles are the post-liquefaction displacements associated with lateral spreading causing significant deformations and damage to piles at depths corresponding to the interface between the liquefied soils and underlying non-liquefied layer.
A methodology for preliminary assessment of piles undergoing spreading in liquefied soils has been presented, with reference to a simplified analysis based on the pseudo-static approach. A three-layer soil model was adopted to represent the characteristic kinematic mechanism for piles in laterally spreading soils incorporating the effects of large ground displacements, significant stiffness reduction in the liquefied soil and lateral loads form a crust of non-liquefied soil at the ground surface. Key parameters influencing the pile response are identified and their typical values are discussed based on results of benchmark lateral spreading experiments on full-size piles. 
References: 
Cubrinovski, M., Ishihara, K. and Furukawazono, K. 2000. Analysis of two case histories on liquefaction of reclaimed deposits. Proc. 12th World Conference on Earthquake Engineering, Auckland. CD-ROM, 1618/5.
Cubrinovski, M. and Ishihara, K. 2004. Simplified method for analysis of piles undergoing lateral spreading in liquefied soils. Soils and Foundations, 44 (5). 119-133.
Cubrinovski, M., Kokusho, T. and Ishihara, K. 2005a. Interpretation from large-scale shake table tests on piles undergoing lateral spreading in liquefied soils. Soil Dynamics and Earthquake Engineering. in press.
Cubrinovski, M., and Ishihara, K. 2005b. Assessment of pile group response to lateral spreading by single pile analysis. ASCE Geotechnical special publication No. 145. 242-254.
Hanshin Highway Authority (1996). Investigations of seismic damage of bridge foundations in reclaimed land.
Ishihara, K, Yoshida, K. and Kato, M. 1997. Characteristics of lateral spreading in liquefied deposits during the 1995 Hanshin-Awaji earthquake. Journal of Earthquake Engineering. 1 (1). 23-55.
Ishihara, K. and Cubrinovski, M. 1998. Performance of large-diameter piles subjected to lateral spreading of liquefied soils. Keynote Lecture. Proc. 13th Southeast Asian Geotechnical Conf. Taipei. 1-14.
Tamura, S. and Tokimatsu, K. 2005. Seismic earth pressure acting on embedded footing based on large-scale shaking table tests.  ASCE Geotechnical Special Publication 145. 83-96.


(a)

(b)



Paper Number 37


2


8


